We present here a procedure for growing lipid tubules in vitro. This method allows us to grow tubules of consistent shape and structure, and thus can be a useful tool for nano-engineering applications. There are three stages during the tubule growth process: initiation, elongation and termination. Balancing the forces that act on the tubule head shows that the growth of tubules during the elongation phase depends on the balance between osmotic pressure and the viscous drag exerted on the membrane from the substrate and the external fluid. Using a combination of mathematical modelling and experiment, we identify the key forces that control tubule growth during the elongation phase.
Introduction
Lipids are amphiphilic molecules consisting of hydrophilic head groups and hydrophobic tails. These molecules can form lipid vesicles in aqueous solutions [1] , which can be bi-or multi-layer spheres enclosing aqueous cores. Lipid vesicles can also assemble into various microstructures, such as lipid tubules [2, 3] , vesosomes [4] and prong-like structures [5] . Recently, these supramolecular structures have been used in nano-engineering: nano-or micro-sized hollow tubules can be used as templates for the synthesis of one-dimensional materials [6] [7] [8] [9] and release systems for drug or gene delivery [10] [11] [12] . Other potential applications include metal nanowire formation [13, 14] , storage devices [15 -17] and chemical sensors [18 -20] . Formation of membrane tubes is also fundamental to many biological processes including endocytosis and tether formation [21, 22] . Tubule formation is also crucial in many biological processes that exhibit highly non-trivial shape transitions [23] . As many cellular and intracellular processes depend on the membrane shape and membrane tension, lipid tubule can be used as a model biomimetic membrane system to understand the physics underlying essential biological functions in cell membranes, such as interaction energies of lipid molecules and the spontaneous tubulation of membranes [24, 25] .
Current methods for synthesizing lipid tubules are based on flow-induced growth [26 -28] , temperature-induced phase transition [29] , liposome-pulling [30] and microfluidic injection [31] . However, these methods often lack the ability to control the structural orientation and the length of the tube. The characteristics of lipid tubules, including their lengths, diameters and head sizes, depend on the nature of the lipid material and the conditions in which self-assembly occurs [32, 33] . Despite abundant research reported on lipid tubule synthesis, very few studies have been reported on the mechanism of tubule generation and growth. This information is crucial for experimentally controling tubule structure and growth for various applications.
Recently, the authors' group has synthesized lipid tubules with defined orientation, length and width [34] . When confined between two glass surfaces, lipid vesicles rapidly assemble into oriented tubules that can grow to a few millimetres in length without externally supplied flow, temperature control or catalysing agents. The membrane tubule and its internal aqueous content can be manipulated by controlling the vesicle's lipid composition and aqueous entrapment. In addition, the construction of the oriented tubules from individual vesicle building blocks also allows a variety of composite tubules to be formed by varying the properties of the lipid vesicles [34] . Owing to its simple experimental set-up compared with previous methods [29, 30] confinement-based system provides a convenient model for investigating the fundamental mechanisms of tubule formation. For example, model membrane systems have been used to measure mechanical membrane properties under various experimental conditions as the physical parameters can be as important as specific biochemical reactions in the function of the cell membrane [35] .
Using a combination of experiment and theory, we address the following question: what are the forces that drive the tubule growth in the confinement-based system? To answer this question, we have developed a simplified theoretical model that captures the growth of the tubule. Predictions from this model are then compared and validated with experimental results. In §2, we outline the experimental procedure for tubule formation. In §3, the results of the experiments and the theory are compared. We close in §4 with discussion and conclusions.
Experiments: material and methods
The lipid L-a-phosphatidylcholine (Soy-95%) was purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Ethanol and deionized (DI) water were purchased from Sigma-Aldrich (St Louis, MO, USA). Dimethylsulfoxide (DMSO) was purchased from J. T. Baker (Phillipsburg, NJ, USA). Glass slides (25 Â 75 mm) were purchased from Fisher Scientific (Pittsburgh, PA, USA), and coverslips (20 Â 22 mm) were purchased from Corning Inc. (Corning, NY, USA).
Two methods have been routinely used to prepare lipid solutions: ethanol injection and film hydration [34, 36, 37] . In ethanol injection, the lipid (Soy-95%) is dissolved in ethanol to make a bulk solution and this solution is subsequently injected into water to make solutions of different concentrations. In hydration, the lipid (Soy-95%) is first dissolved in ethanol. The ethanol is then evaporated using nitrogen gas until a thin layer of the lipid forms around the bottom of the flask. The lipid layer is then hydrated with water to make lipid solutions of different concentrations.
In this work, we used the ethanol injection method by mixing 75 ml lipid-ethanol solution with 1 ml DI water to form lipid vesicle solution with average vesicle diameter of 130 nm. The lipid-ethanol solution was prepared by mixing 75 mg Soy-95% with 1 ml ethanol. One droplet of the vesicle suspension was then injected into the gap confined by a glass slide and a glass coverslip (figure 1a). The glass slide was heated at 608C (above the phase transformation temperature of lipid vesicles) for 3 min, and then cooled down to room temperature on a temperature stage that sits on an inverted Leica microscope. Owing to the evaporation of the solvent from the edges of the coverslip, an outward capillary flow from the centre pushes the vesicles to the edges of the confined surfaces. These vesicles would fuse at the edges, and subsequently form cysts and buds within 3 min (figures 1b and 2a). Thereafter, the tubular structure with elliptical heads would be derived from the buds, grow perpendicular to the edges and towards the centre of the glass slide (figures 1c and 2). The oriented lipid tubule contains a long tubular tail and a compartmentalized head with an aqueous core. Multiple tubules would form from each individual experiment. In this study, the thickness of the gap is not precisely controlled but measured to be 15 + 2 mm. In addition, the tubules prepared by the confinement method can reach 1 cm or more in length, determined by the size of the confinement substrate (i.e. glass slide) and the initial lipid concentrations. DMSO, an organosulfur compund with the chemical formula (CH 3 ) 2 SO, is an aprotic solvent that is miscible in both organic solvents and water. DMSO has been known to enhance the permeability of the lipid membrane while maintaining the integrity of the structure [38] . To investigate how the tubule permeability affects the tubule growth dynamics, we conducted a second series of experiments, procedurally identical to the previous experiments but mixing water with DMSO at various volume percentage concentrations. In particular, the DMSO was mixed with DI water at volume per cent concentration of 2.5%(v/v), 1.25%(v/v) and 0.625%(v/v), respectively, for 1 ml. Similarly, 75 ml lipid-ethanol solution was mixed with 1 ml DI water/DMSO solution to form the vesicle suspension prior to experiments.
Results

Growth dynamics of tubules
Using microscopic imaging, we tracked multiple tubules' growth over a period of 200 s for each experiment. The growth rate of bi-and multi-lamellar lipid tubules was not steady over the entire growth period, and the total tubule length reached 1-3 mm for various tubules. Within each experiment, the length of three individual tubules with the control lipid system (0% DMSO in water) is plotted against time, as shown in figure 4a. Based on the control experiments, we identified three stages during the tubule growth: initiation, elongation and termination. The elongation stage has the highest growth rate compared with the other two stages (figure 4a). The initial stage of tubule growth is slower and corresponds to the evaporation-driven fusion and budding of the lipid vesicles from the edges of the glass substrate. The termination stage also grows much slower compared with the elongation stage, which coincides with the depletion of the lipids in the outermost bilayer.
We observed that the tubule growth rate followed a similar pattern for multiple tubules derived from the same experiment, irrespective of the final length and the position of the tubule in the experimental set-up. Similar growth pattern (initiation, elongation and termination) was observed when DMSO was added to the lipid tubule systems. However, in DMSOaugmented systems, the tubule head size tends to fluctuate during the elongation phase and the average diameter of the tubule head tends to be around 60% larger than those of the control group. In particular, the tubule head size increases with increasing DMSO concentrations. We also observed that the tubule head size remained mostly the same during the tubule growth for DMSO-free control experiments (see electronic supplementary material, movies). Nevertheless, the size difference of the tubule head does not affect the overall tubule growth dynamics in all experiments.
Physics of tubule growth
In this section, we present a mathematical model to simulate the force balance during the elongation stage, based on the experimental data. where R tube is the radius of the tubule. The drag force owing to the membrane fluidity is given by
where L(t) is the length of the tube. As the membrane is a two-dimensional fluid, the surface viscosity is scaled by the thickness of the membrane d to match the units of the equivalent three-dimensional fluid viscosity. Similarly, drag force owing to the external fluid is given by where m m and m e are the membrane and external fluid viscosities, respectively. In using this expression for drag forces, we are assuming low Reynolds number. t is the membrane tension and is acting on the circumference of the tube. Equation can be now rewritten as
Here, we have assumed that the force acting at the tip of the membrane is entirely owing to the hydrostatic pressure gradient between the external fluid and the tip, because no other active forces are present in the system. Then
where Dp is the osmotic pressure difference between the inner region of the tubule and the external fluid. A head is the crosssectional area of the tip, considered constant during the tubule growth phase.
In the most general case, the cross section of the tip can be considered to be an ellipse with semi-major axis a and semi-minor axis b (figure 2). Then,
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where e ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À b 2 /a 2 p is the eccentricity of the ellipse. For a circle, e ¼ 0 and a ¼ b ¼ R head , where R head is the radius of the head.
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can be rearranged to obtain The analytical solution to this ordinary differential equation can be written out as
where L 0 is the length of the tubule at the start of the elongation phase. Equation (3.11) applies only during the tubule growth stage. The initiation of the tubule depends on other factors such as delamination from the multi-lamellar stack and the termination stage depends on lipid depletion.
Comparison between experiments and the model
To validate how well the force balance-based model predicts the tubule growth during the elongation phase, we plot the square of the tubule length, L 2 , against time during the elongation phase for all experiments. The final tubule length is determined mainly by the amount of fused vesicles in the budding structure at the edge. To obtain more systematic measurements of the tubule growth and comparable h, we selected for analysis tubules with similar final length with different DMSO concentrations. All of the data show a linear trend in the growth phase, and the best linear curve fit gives the slope h.
In figure 4b , we show the growth of tubules in water (DMSO-free) by tracking three different tubules from the same experiment. All three tubules show a similar growth n ¼ 3; figure 4b ). We also tested the tubule growth with DMSO added to the lipid system to see whether h would vary with different membrane permeabilities. The tubule growth in the elongation phase for three different concentrations of DMSO is shown in figure 5 . The sample size for each condition was n ¼ 3. There was no notable difference in the appearance of tubules in the different DMSO concentrations. Referring to the definition of h in equation (3.9) , this indicates that the change in the axial force is approximately compensated by the change in the fluid drag on the growing tubule. These results suggest that the growth rate of tubules is consistent under different experimental conditions and validates our force balance model for the confinement-induced tubule formation. 
Discussion
The confinement-based tubule growth system provides a simple and practical method for the production of long, oriented tubules. The mechanism of tubule growth is different from other tubule formation methods, which rely on temperature-induced phase transition and flow-induced growth [26 -29] . In our experiments, we observed that addition of nanosize charged particles in the vesicle suspension prevented tubule formation. This suggests that fusion of vesicles at the periphery is requisite for tubule assembly.
Prior to the formation of oriented tubules, the fused vesicles usually form a lamellar phase that is often accompanied by myelin figures (figure 2). Over time, the myelin figures relax back to the lamellar phase whereas the tubules continue to elongate. Thus, one of the benefits of our method is that the tubule assembly process can occur spontaneously without further adjustment of temperature, pressure or fluid flow. In addition, osmotic pressure is critical for our confinementinduced tubule growth. Osmotic pressure is the pressure that needs to be applied to a solution to prevent the inward flow of water across a semipermeable membrane. In our experiments, the osmotic pressure difference arises when the solvent is added to the lipid system to form vesicles, by using the ethanol injection method (described in §2). For example, we mixed 75 ml lipid-ethanol solution with 1 ml DI water to form lipid vesicle solution (as DMSO-free solution). As ethanol evaporates faster than water, the evaporation of ethanol generates an osmotic pressure gradient. The solution surrounding the lipid tubule is water; the solution inside the tubule consists of water, residue ethanol solution and lipids. As such, a small solute concentration gradient exists between the tubule and the confined glasses, along the circumferential direction. Any solute concentration gradient along the tubule growth axis will be negligible because the process occurs so rapidly. Ethanol evaporates rapidly from the edges of the system with the initial concentration of ethanol in water being around 6 wt%.
The osmotic pressure difference in the tubule cannot be easily measured experimentally. The experimentally measurable quantities from our confinement-based method are the velocity of the tubule growth and the tubule head size. Equation (3.9) provides a way to estimate the osmotic pressure difference that drives the tubule growth. The parameter h defined in equation (3.9) relates the osmotic pressure difference in the tubule, the membrane tension and the drag force during the elongation of the tubule. The plasma membrane is about a thousand times more viscous than water [39] , and therefore the membrane drag dominates the denominator of h. The membrane tension ranges from 10 -4 to 1 pN nm 21 [24] . The dominant term in the numerator of h is the osmotic pressure difference, which is approximately 70 kPa [40] . Based on these values, the elongation of the tubule is primarily driven by the ratio of osmotic pressure and membrane viscosity. In addition, membrane viscosity can be measured with electron spin resonance, fluorescence, or deuterium nuclear magnetic resonance spectroscopy [41, 42] figure 5 ). It has been reported in the literature that the permeability, membrane tension and the membrane viscosity of the lipid membrane could be modified by adding DMSO in the lipid system. For example, Hochmuth et al. [43] showed that DMSO not only affected the cells' apparent surface tension and bending, but also decreased the viscosity of the membrane by simply enlarging the space between membrane and cytoskeleton. Adding 0.5%, 1% and 5% DMSO in the membrane could decrease the membrane tension by approximately 33%, 66% and 80%, respectively, compared with the control group. Similarly, the effective viscosity of the membrane is decreased by 50% and 80% on adding 1% DMSO and 5% DMSO, respectively [43] . In addition, the membrane viscosity can be affected by the pore formation induced by the DMSO [44] , also confirmed recently by molecular simulation [45] . Although these studies report on the effect of DMSO on membrane properties, the exact mechanism and the nature of the change are unclear.
The slightly different values of h for different DMSO concentrations indicate that the addition of DMSO affects both the membrane tension and membrane effective viscosity as discussed earlier. Nevertheless, compared with the osmotic pressure term in h, the membrane tension term is so small that even a change of 80% does not yield any significant change for h, based on our experimental results. In addition, the osmotic pressure difference could play an important role but the ratio of the osmotic pressure difference over the membrane viscosity does not lead to obvious variations in the value of h.
In this work, we have analysed only the elongation phase of the tubule growth. Our results show that the elongation phase of the tubule can be well explained by a simple force balance. The growth rate of the tubule is controlled by the ratio of osmotic pressure and drag in the system. This ratio, h, in our model fortuitously has the same units, [L ], as a 'diffusion coefficient'. The initiation of the tubule requires delamination of the top bilayer from the multi-layer stack. It is possible that this process is similar to the delamination of the plasma membrane from the actin cortex in mammalian cells [46] and requires the most energy. Raucher and colleagues showed that once delamination occurred, growth of the tether did not require much more energy. The termination of tubule growth is bound to occur because all the lipids in the top bilayer are depleted. While both the initiation and termination are not examined here, it is possible to extend this theory to other regimes. Although the theory is simple, it illustrates the main players in driving the dynamics of tubule growth in the confinementbased system. Our future studies will focus on studying the other stages of tubule growth.
In summary, we have developed a simple and practical confinement-based method to produce lipid tubules that can reach millimetres in length and beyond, under easily controlled ambient conditions. The tubule growth takes place in three stages: initiation, elongation and termination. We proposed a force balance model to capture the physics of the tubule growth during the elongation stage, which exhibits a linear relationship between the tubule length and the square root of the time. Our experimental data compare well with the model. Future work will focus on the initiation stage of tubule formation, where the transition from a bud to tube may undergo a transition that is similar to the one observed in the protrusion-to-tether transition [47] . 
